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Gran t No. AFOSR 72 2184
Final Scientific Report , 71 Oct 01 — 76 Sept 30

ThANSONIC FLOW AT A swrr~~ TEST SECTION WALL

by Sun. B. Berndt

1, Objective and Achievement.

The objective of the now conclnded re.earcI~ (Oct. 1971 - Sept . 1976 )
has been to make possible the acotu’ate computation of slotted wall
interference in transonic wind tunnel. • Thin ha. been achieved
through stwlying experimentally the flow at and through slotted walls
and through developing theoretical models for such flows. The final
result is a homogeneous wall boundary condition to be used when
computing II~~erically the three-dimensional trannonic flow around
a wind—tunnel model, be it to determine the interference from the
test—section walls, or to adjust the wall parameters for zero Inter-.
ference. The boundary condition is of rather general applicability,
admitting great freedom in the choice of slot geometry and fact 1—
itating the inclusion of corrections for viscous effects , such as
disclosed by the experiments.

2._ Chronic le

A complete chronological bibliography of publications, Scientific
Reports and papers resulting from the work is appended (Refas . B 1-B 13).
As tar as final research results are concerned the following three
reports give an essentially complete coverage,

37: P. IAfgr.n, Simplification, of the boundary condition at a
slotted wiied—twvisi wall with a boundary layer . Scientific
Report No. 1 (March 1975).

Ills $1. Isz~~t and H. $Srenadn, Plow properties of slotted walls
for trsn onio t.st s.otions. ?~AND Cant. Proc. No. 171s,
Paper Ho. 17 (Oct . 1973).
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B13s S.B. Berndt , Inviecid theory of wall interference in slotted
tent section.. Scientific Report No. 2 (Oct. 1976).

The Final Scientific Report is therefore restricted to a review
of the research performed under the Grant.

Throughout the work it has been deemed important, in view of the
urgency and high level of activity of research on transonic wal l.
interference, to keep in contact with othe r groups ac t ive in the
field and to give a wide and early distribution of results obtained .
Thus the Principal Investigator has been par ticipating in the AGAJ~)
Fluid Dynamics Panel working group on design ol’ tranaonic working
sections and supplying information on the pre sent research for in-
clusion in the report . of the group (Ref. . B9 and B 12) .  Prog ress
reports were given to the Euromech Symposium ‘40 on Tr ansonic Aero-
dynamics in Sept . 1973 (Ref. B2) and to the Superson ic Thnnel Asso-
ciation in March , 1974 . On the latter occasion the Principa l. In-
vest igator travel led in the USA and Canada , visiting most of the

laboratories engaged in research on tra nsonic wall interf erence.
The AGA~~) Flight Mechanic. Pane]. Symposii.vn on “Flight/Ground Test ing
Facilities Correlation ” in France in June 1975 gave an oppor tunity
to present some of the experimental data (Ref. BlO) . The report
El I mentioned above was presented to the AOARD Fluid Dynamic s Piuio I

Symposium on “Vtndtun nel Des’l~n and Test ing Toct uiiq uos ” I n Loisloti
in Oct. (975 (see also Ref. i), whil e the report 1113 was pres~!IIL(u I
to the 10th ICAS Congress in Ottawa in Oct. 1976.

3’ Basic Problems

The classical inviscid linear ~~~ll perturbation theory of slotted
wall flow, d.vslop.d in the fifties , has not been successful in
correlating experimental wall thterf•rence data. At the start of
the proj.ct it was not clear in what respects the theory would need
to be amsndsd , althoug h a a ber of suggest ions wore found In the
literature. Th. following basic problems, in part Lcu.lar , stood out
as requiring investigation (see Sec . 2 of’ ReI’. B i l for’ i lot u i ls ),

A



5

(i) me effect of low-momentum air from the wall boundary
layer going into the slot ;

(ii ) The presence or absenc. of flow separat ion at the slot edges,
end th. related problem of designat ing a section across the
slot at which plenum pressure preva il.;

(iii) The slot flow inducing a seconda ry flow in the plenum
ch~~~er, thus effectively changing the local plenum
pressu re at the slot ;

(iv) Other viscous effects (a linear cross—flow pressure drop is
often mentioned in the literature);

(v) The effect of low-momentum air from the plenum chamber
going into the slots and the test section;

(vi ) Interferenc e fro m the wall boundary layer chang ing its di.-
placement thickness in response to th, pressure variation
induced by the model.

(vii) Cross—f low velocity in slot too large for linea ri zation .

lb. .in tool for finding out about these various aspects has been
a detailed experim ental investigat ion of typical slot flows, as
reported in Ref. 811 . The compzmhenaivs theoretical analysis of
Ref • 37, backed up by an experimental surv.y (not reported ) of the
over-all ease flux balance in the test section , demonstrated at an
early stag. that the .tf.~t of (vi ) is 11 and can be handled with
sufficient accura cy by avai lable th.o ry ; it wan therefore no t. con-
sidered in the amin part of the investi gation .

• The Slot Flow Nodal

7r~~ th. expsrimintal observations, largely oil- flow pictu res, has
been abstracted an invisoid flow model to serve as a first approat—

tton and as a dat um for defining viscous effects. Adapting this
model, which is oomeidu sbly more complicated then the classical one ,
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implie, tentative answers to a number of the basic problems •ju sL
enumerated.
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Fig. 1. Inviscid model for slot flow (not to scale)
au * fast air from slot .

The flow model is present ed in Fig. 1 • Upstream of the wind tunnel
model the flow 1. going outwards through the slot into the plenum
chamber , where it fonns a thin J et . The flow inside the slot is
attached as indicated in cross-section (a) . Above the mode l the slot
flow turns back , leaving the J~t to continue on its own into the in-
terio r of the plenum chamber. This ‘ splitting ’ of the fast aIr into
two separate stre ams is shown beginning at section (b) . At (c) the
fast air in the slot, having entered farthe r upstream, is returning
to the test section . At (d) the fast air has left the slot and
behind it appears a ‘bubble’ of quiescent air at plenum pressure,
the bounda ry of which is expandi ng into the test section flow.
Typically , the bubbl. is narrow and extends along the slot (Fig . 2).
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Fig. 2. Bubbles of slow air from the plenum chamber. The oil
flow on a thin sheet in the plane of syuine t ry of’ the
central slot shows the penetration into the test
section flow (two—dimensional test at = 0.91 , ~~ =

This description leaves undecided whether the fast air returning from

the slot to the test section is a vorticity—carrying slug, as in (ci)

and (dl), or whether it expands around the slot edges without separa-
tion, as in (c2) and (d2). The evidence , although not quite con-

clusive , points to the first alternative ; perhaps both occur.

For simplicity , the second alternative has been adopted in the

analytical work.

In the analytical specification of the model further simplifications

have been introduced . They serve to define in as simple terms as

possible the surfaces S~0 and S~ which form together the surface

on which to prescribe plenum pressure.

5. The Homogeneous Wall Boundary Condition

A homogeneous boundary condition in the present sense applies to an
‘average ’ potential ~ which has been substituted for the original
velocity perturbation potential ç, ~ being defined in such a way
as to agree closely with 

~ 
in the central part of the test section

and to have smoo th and weak variation over the test section wall
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(whereas ~ is strongly varying at the slots). The. present homo-
geneous wa.U boundary condi tion has the f orm ~ = Ft ~ ), where
is the nor mal derivative of ~ at the wall and F( 3 is a functional
over the wall . In othe r words , Y determines the pressure distribu-
tion at the wall corresponding to a given ‘average ’ cross—f low.

The method used in Ref . B13 to define ~ proceed s in three steps :

• a) ~ — , ,  different from zero essentia lly only at the elots , is
approx imated there by a two-dimensional harm onic funct ion in
each cross—flow section x = constan t ( the “slende r— bod y upprox —

• imation”) ;

b) The wall, contour in each cross—section is mapped confonnally
onto a circle, and polar coordi nates r , 8 are int roduced in
the transfor~ ed plane;

c) ~ is defined to be the sum of the first (1 + 2v) ter ms in the
Fourier expansion of ç with respect to 8 • The order u of
the highest—order terms kept is such as to make the number
of terms at most equal to the ‘number of slots, N • The result
of this filtering out of higher—order terms produced by the
slot implies that 

~ — , vanishes like r — v at the orig i i i
(where th. model is locat ed) .

The subsequent construction of in Ref. B13 employs an asymp-
totic expansion with respect to the slot width as a email parameter
( typica.Uy it i. 4-10 % of the peripi~ery), thus avoiding the very
restrictive classical assumption of a large number of equally spaced
slots. This leads to a singular perturbation problem where each
slot has an inner representation, as isolated in an infinite plane
wall , and where in an outer representation the test section wa ll be-
comes solid with discrete sinks or sources located at the points
into which th. slots have contracted (Fig. )).
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Fig. 3. Inner and outer flows.

The flux densities of these sinl s, q(1) (x) , i = l , 2 . .N , are
natural variables for matching the inner and outer flows

The first step in the final procedure defining ..# [~~) is to corn-
• put. qW from j~~~. This involves a constant matrix determ ined

by the location of the slots but otherwise independent of the slot
geometry and other slot flow parameters . Next the local slot fLow

is determined by integration along each slot separately, keeping
track of the free surface S, (Fig. i) and sat isfy ing the plenum

pressure condition on Spa + S~, , with quadratic cross-flow ter ms
inclnded (as is consistent with the slender—body approximation) .
This is where the slot geometry comes in: the width as well as the
depth of the slot is allowed to vary. Each slot may also have its

own plenum pressure ~~~~ This yields the value of ~ at each
slot. In the final step ~ — is obtained by trigonometric

interpolation to order u between the slots. This again requires
only the application of a constant matrix determined by the location
of the slots.

F or slot width. of practical interest the homogeneou s bounda ry con-
dition thus established agrees with the classical one , whenever this

is valid , the agreement being to within the inherent uncertainty of the
olsssical approach in not providing a rational and unique choice of
(Fig . i )  (see e.g. Re f. 2) .  There is also agreement in the special
case of two—diimensional tests as developed previously in Ref. 1311 for
the purpo se of comparison with exper iment s.

_ _ _  S 

—
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By extensive calculations of axisyninetric near—sonic wind—tunnel
flows it has been demonstrated that the new bounda ry condit ion
admits rapidly convergent numerical schemes to be set up (Ref. 1111 ;

t the results have not been reproduced as not being of interest per se).
— _ 1 _In contr ast , the inverse boundary condition , q’~ = [cp] , leads to

consistently slow convergenc e or even divergence.

6. Viscous Effect s

In analysing the local flow at each slot separately the theory of
Ref. B13 is such as to facilitate the inclusion of experimental Ly
determined corrections for viscous effects inside the elots and the
plenum chamber , such as indicated under points ( i )  to (v) in
Sec. 3. The effect of vary ing wali boundary layer thickness ( v i )
is easily bund led by applying Uio w a t t  bound ary condit ion iii Lh~
form ~ a F(j1. + qç~), where is th~ :urnnai ve l oc i ty et, , ,Lr ilnito ,j
by the boundary layer (determined by conventional boundary layer
theory disregarding the slots, or by methods such as explored In
Ref. B7) .

The experiments of Ref. Bi l indicate how important the viscous
effects are in a flow situation typical of two-dimensional tests.
Total pressure surveys inside the slots showed that in regions of
continuous outflow from the test section the total pressure in the
centre of the slot remains almost unaffected by the wail boundary
layers (while artificially doubling the thickness of the boundary
layer gave a noticeable effect). Detailed mapping of the flow
velocity and direction in the J et emerging from the alot into thi ’
plenum chamber - thi s required the development of a new typo of’
combined total-pressure and flow-direct ion probe and a machinery
for moving it along the slot during tests - permitted detennina-
tion of the mass flux through the slot and showed that the flow
leaving the slot was attached and that the viscous effect. in the
slot corresponded to a reduction of the effective slot width by
some 15 0. it also appe ared that the local plenum pressure at the
emerging J et was affected by entraii~~ent and secondary flow in the
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pleni.sn chamber to a noticeable UX tet i t .  Cnrr eet I~ig Uie tisi’ort’l I~ i~I

results for the se effects led to the kind of agreement betw een

prediction and experiment shown in Fig. Is (in a region of outflow
from the test section) .

The pressure difference thus computed and verified consists of two
contributions, one being the classical streamline curvature effect

002 - - - -

at — — — — — —
-1 0 -1 0 -100 -50 -SO 40 -20 20 ‘, 

/ So so ~oo
— —  -002~ - //  — —

~~~~~~~
- -
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Pig. 4. Cosparison of predicted and measured pressure difference
across a slotted wall ( the model is located between x~ a 0
and 90 am).

proportional to a~,/ax , the other being a cross—Flow effect (vi  t)
proportional to j,~2 . There La no truce of a 1. [near cross—flow tori ~
proportional to j~~, such us has often been proposed in the I t teri *-
tare on the basis of early pressure drop measur ements. As stressed
by GOSthert in Ref. 1 , these measurements, the detail s of wh ich h ave
not been published, were ~~~s wi th a sharp—edged slot of very snwtl I
depth ~~~ a width large ooqisred to the thickness of the wul t bound-

- ~~~ - - - - - - _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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— 
ary layer. The linear effect found is therefore not likely to be
a viscous effect • We have checked that in our experiments there
is no linear effect hidden in the variation with cross—flow
velocity of the entrairnient influence on the local plenum pressure.
Perhaps the linear effect comes from the finite longitudinal
extent of the slot , like on a rectangular wing of small aspect
ratio , contrary to the slender —body appro ximation , the re is a
linear lift distributio n spreading from the leading edge over the
whole wing.

It remains to get an experimental verification of the theory in
region.e with inflow to the test section . The need for further
experiments seeme to be particul arly great in ewie s where shock
waves from the model reac h the wall.

7. Looking Ahead -

It now seems that one can avoid more seriou s viscous effects by
Judicious choice of slot geometry. The next step therefore should
be to use the inviscid theory for running numerical experiments.
These will show how accurate ly one nazst descr ibe the ac t ion of the
slotted wall in different types of application , and what wa it
adjust ment facilities one nust provide in order to eliminate the
wall interf erence . They will also help in developing struto ~~Les for
effici•nt use of adaptive slotted walls in fl.sture wind tu imela.
In the end very likely one sust obtain more precise data for VISCOU S

corr ections , but this can perhaps best be done , for any part icular
wind tunnel design , by tests in a pilot wind tunnel and by final
in situ calibration.

t

_ _ _ _ _ _
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